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In a recent publication, we suggested a mechanism for obtaining dynamical CP violation in the
early Universe based on the out-of-equilibrium evolution of complex scalar fields. In this paper, we
suggest several ways of transferring the CP asymmetry from the scalar sector to the leptonic sector.
In particular, we point out how a “transient MNS(P) matrix” can generate an asymmetry between
fermions and anti-fermions directly.
PACS numbers: 98.80.Cq.
I. INTRODUCTION
CP violation is one of the key ingredients required for
baryogenesis [1]. In most particle-physics models, CP vi-
olation is explicit in the Lagrangian. In the Standard
Model (SM), CP violation is built in via complex phases
in the Cabibbo-Kobayashi-Maskawa (CKM) matrix [2],
albeit with a very small amplitude. Since SM CP viola-
tion is very small, it is not possible to obtain a sufficiently
large net baryon to entropy ratio in this scenario. Hence,
in extensions of the SM additional CP violation is often
introduced via CP-violating phases in an extended Higgs
sector to explain lepto/baryogenesis.
Following earlier ideas of Dolgov [3], we recently pro-
posed an alternative dynamical mechanism of CP vio-
lation in the early Universe [4] (see also [5]). Here we
elaborate on this mechanism. In this scenario, the La-
grangian is CP symmetric. However, there are complex
phases which arise as initial conditions for scalar fields
in the early Universe. In the framework of inflationary
cosmology it is possible that these phases are coherent
over the present Hubble patch, as discussed in [4]. These
complex phases lead to CP violation. The magnitude of
CP violation decreases as the scalar fields relax to their
ground state. Thus, in the framework of dynamical cos-
mological CP violation, large CP violation in the early
Universe leading to the observed baryon to entropy ratio
is no longer in conflict with the small magnitude of the
presently measured CP violation in the laboratory.
In [4], we discussed the general framework of dynami-
cal cosmological CP violation in the case of a model with
two complex scalar fields. We showed explicitly how the
dynamics of the background scalar fields (the “conden-
sates”) can lead to the generation of a CP asymmetry
in the scalar field quanta which are generated via the
decay of the condensates. We briefly mentioned how
this CP asymmetry in the scalar sector can be trans-
formed into a CP asymmetry of the fermions leading
eventually to baryogenesis [29]. In this paper we elab-
orate on these two issues. Moreover we point out a sec-
ond channel to produce CP violation in the fermionic
sector directly from the dynamics of background scalar
fields. We observe that non-trivial phases of the evolu-
tion of the condensate can induce complex Yukawa terms
in the Lagrangian. This results in what we call the ‘tran-
sient Maki-Nakagawa-Sakata (Pontecorvo) MNS(P) ma-
trix” [6], and leads to CP violation in the leptonic sector.
The outline of this paper is as follows: in Section 2
we review the basic ideas of dynamical cosmological CP
violation as discussed in [4] and give a brief overview of
the ways in which this can result in lepto/baryogenesis.
In Section 3 we study the avenues for leptogenesis which
make use of an asymmetry in scalar field quanta gen-
erated by the evolving background condensate. In Sec-
tion 4 we study leptogenesis channels in which the back-
ground condensate directly induces the lepton asymme-
try via the transient MNS(P) matrix. In Section 5, we
consider a specific leptogenesis channel and evaluate how
the resulting lepton asymmetry depends on the parame-
ters and initial conditions of our model. In section 6, we
comment on other possibilities of realizing leptogenesis
using complex initial conditions. We conclude in Section
7 with a summary of the main results and a discussion
of future directions of research.
II. DYNAMICAL CP VIOLATION
In this section, we review the scenario of [4] in which
nontrivial phases in the initial conditions of scalar fields
lead to dynamical CP violation in a theory in which
the Lagrangian is symmetric under CP. We then explain
how this dynamical CP violation can be transferred to
fermions, leading to a lepton-anti-lepton asymmetry, and
eventually to a baryon-antibaryon asymmetry.
Phases from Initial Conditions: Consider a toy
model containing the two complex doublet scalar fields
φ1 and φ2 (we take doublets instead of singlets only to
make the field content of the model look more like that of
the Standard Model). For the moment, we say nothing
about the quantum numbers of these two fields, except
that they are the same for both φi, i = 1, 2. The scalar
2potential of the model is taken to be
V (φ1, φ2) =
∑
i=1,2
m2iφ
†
iφi + V4(φ1, φ2) , (2.1)
where it is assumed that m1 > 2m2, and
V4(φ1, φ2) = g(φ
†
2φ1)(φ
†
2φ2) + h.c. , (2.2)
where g is a real coupling constant.
It is natural to assume that only the neutral compo-
nents of φi pick up an initial non-vanishing expectation
value [30]. From now on the φi’s will denote the neutral
components of the respective doublets. Note that their
potential will look exactly the same as Eqs. (2.1) and
(2.2), with the hermitian conjugates replaced by complex
conjugates of the neutral components.
In the context of hot big bang or inflationary cosmol-
ogy, it is natural to assume that the neutral scalar fields
will start out displaced from their vacuum values. In a
non-inflationary Universe, the spatial gradients of these
fields would be large and they would rapidly relax to their
ground-state values. However, in the context of inflation-
ary cosmology the situation is very different. If the mass
of the neutral scalar fields is smaller than the Hubble con-
stant during inflation, the fields will evolve essentially as
free scalar fields. That is, they will respond to quan-
tum fluctuations like a free scalar field, and thus acquire
a large root mean square expectation value when aver-
aged over a region of radius H−1 (a “Hubble patch”). At
the end of inflation, these neutral scalar fields will thus
in general be displaced from the minimum of the bare
potential energy function by an amount which is large
compared to H (see e.g. [9, 10] and [11] for a review).
After inflation ends, the Hubble constant will gradu-
ally decrease, eventually falling below the mass scale of
the scalar fields. At this point, these scalar fields will
begin to roll towards their ground state. It is this dy-
namics in the post-inflationary Universe which will lead
to dynamical CP violation and resulting leptogenesis. To
see this, observe that although one of the two phases of
the two neutral complex scalar fields can in general be
eliminated by a phase redefinition, the second cannot. If
we choose the initial value of φ2 to be real (and denoted
by a2), but take the initial value of φ1 to have a phase
α, i.e. to be a1e
iα, then in order to analyze the particle-
physics processes one needs to consider fluctuations of the
scalar fields around this complex initial condition (back-
ground). This effectively introduces non-trivial complex
phases in the scalar potential as well as in the Yukawa in-
teractions with the fermions, leading to CP violation. In
this paper we examine ways in which such CP violation
can be transferred to the fermion sector, concentrating
principally on leptogenesis scenarios
Baryogenesis preceded by Leptogenesis: In order
to produce a baryon-antibaryon asymmetry we first of all
need processes which violate baryon number. Secondly,
we require C and CP violation [1] (For recent reviews on
baryogenesis, we refer the reader to [12]). In most baryo-
genesis scenarios, the required CP violation is explicitly
introduced into the Lagrangian. However, as discussed
earlier, in our approach this is not the case. Rather,
it is the initial conditions which generate this asymme-
try. This dynamical mechanism of CP violation can be
coupled to many of the well-known models of baryogen-
esis. However, in light of current data which points to a
nonzero neutrino mass [13], one of the preferred mecha-
nisms for generating the baryon asymmetry involves first
generating a lepton asymmetry. This asymmetry then
can be converted to a baryon-antibaryon asymmetry via
baryon-number-violating sphaleron processes [14]. As we
emphasize below, this mechanism does not require any
new baryon or lepton-number-violating terms in the La-
grangian. In the following, we shall focus on this possi-
bility. (Note that, in this paper, we do not discuss the
possibility of baryogenesis via quarks alone. However, it
is straightforward to modify our scenarios to include CP
violation in the quark sector directly.)
Note that it is not necessary to have more leptons than
anti-leptons in order for the sphalerons to produce more
baryons than anti-baryons. In fact, an asymmetry in only
certain states is sufficient. This observation comes about
because the weak interactions – and hence the sphaleron
interactions – couple to only left-handed particles and
right-handed anti-particles. Since only these states are
involved, the production of νR or ν¯L cannot lead to a
baryon-antibaryon asymmetry. While it is true that a
ψL state can be converted into a ψR state, the rate is
proportional to the mass of the ψ. For light neutrinos,
this conversion rate is sufficiently slow that an asymmetry
between νL and ν¯R survives to the weak scale. Thus,
sphalerons can convert an asymmetry between νL and
ν¯R alone into a baryon asymmetry.
On the other hand, this does not hold for electrons
since any generated asymmetry is washed out by the mass
terms [15, 16]. Thus, an asymmetry between eL and e¯R
cannot be converted into a baryon-antibaryon asymmetry
via the standard electroweak sphaleron effects.
The upshot of this discussion is that we can success-
fully obtain baryogenesis involving sphalerons provided
it is preceded by one of two scenarios. Either (i) we have
full leptogenesis, i.e. there is an asymmetry between lep-
ton and anti-lepton number, or (ii) an asymmetry be-
tween νL and ν¯R is created. The former case naturally
suggests that there are more leptons than anti-leptons..
In this case of course one requires the presence of lepton-
number-violating processes, as is required in thermal lep-
togenesis scenarios [17], for example. The latter scenario
is in spirit similar to Dirac leptogenesis [18], but it differs
in two aspects. First, there need not be explicit lepton-
number violation, and second, apriori the Lagrangian is
CP conserving.
In the following sections we discuss two distinct mech-
anisms for generating a lepton asymmetry. The first
involves CP-violating scalar interactions which generate
an asymmetry between scalar particles and their anti-
3particles. This CP asymmetry is then transferred to
the lepton sector. The second uses what we call the
“transient MNS(P) matrix.” Note that, for either mech-
anism to work, one needs Yukawa interactions between
the rolling scalar fields and the SM fermions. However,
the specific applications of these interactions depend on
the mechanism, and are slightly different.
III. LEPTON ASYMMETRY FROM AN
ASYMMETRY OF SCALAR QUANTA
CP Violation in the Scalar Sector: We begin by
considering mechanisms by which a CP asymmetry in-
volving scalars can be transferred to the lepton sector.
As discussed in [4] (and making use of the phase conven-
tions discussed in Section 2) we consider field fluctuations
about the initial conditions:
φ′2 = φ2 − a2 , φ
′
1 = φ1 − a1e
iα . (3.3)
Note that in the context of cosmologically evolving fields,
the background fields ai vary with time. We shall address
the dynamical evolution later (in Section 5). For now,
we mention that, in order for the CP-violating effects
at different times to add up coherently, we work in the
adiabatic approximation where we assume that the time-
dependence of the background fields is slow compared to
the interaction time scale of the fluctuations. We will
focus on the time-dependence of the amplitude of the
fields. However, in principle, the phase α can also be
time dependent [19].
The relations (3.3) can be inverted and inserted into
the scalar potential of (2.1). Expanding the quartic term
of (2.2), one finds both quadratic and cubic terms. Drop-
ping the primes, the cubic interaction terms become
V3 = g
[
a1e
iαφ†2|φ2|
2 + a2φ
†
2φ
†
2φ1 + 2a2|φ2|
2φ1
]
+ h.c.
(3.4)
The induced couplings contribute to the decay φ1 →
φ2φ2 [4]. This decay is CP-violating, as can be seen as
follows. There are two types of diagrams: a tree diagram
and several loop diagrams. Because these diagrams have
relative weak and strong phases, one finds that the num-
ber of φ2 states is unequal to the number of φ
†
2 states [31].
This is CP violation in the scalar sector. Specifically, the
relative asymmetry ACP in the decay rates is
ACP ∼ sin 2α . (3.5)
This asymmetry in the scalar sector must now be trans-
ferred to the leptonic sector. This happens through the
Yukawa interactions. As discussed, earlier, there are two
possibilities. Either we have full leptogenesis, or an asym-
metry between νL and ν¯R alone is created. We refer to
these as scenarios A and B, respectively.
Transferring Asymmetry to Fermions: We begin
with mechanism A and briefly discuss the generation of
a CP asymmetry in the leptonic sector via the decay of
scalar quanta. In this case one requires lepton-number-
violating processes in which the asymmetry in the CP
values of the scalar excitations, computed above, trans-
fers directly into an equivalent asymmetry in the leptonic
sector. In the case of Dirac neutrinos, the generic CP-
violating rate asymmetry is of the form
∆Γφi→f1f2... = Γφi→f1f2... − Γφ∗
i
→f¯1f¯2...
≃ Γφi→f1f2...ACP , (3.6)
where Γφi→fi... is the decay rate of a scalar φi to a final
state involving Dirac fermions fi. Here, ACP denotes the
inherent CP asymmetry in the production of scalars φi
and its CP conjugated state, φ∗i . Note that an asymme-
try cannot be generated for Majorana neutrinos. This is
because in this case the final states are not distinguish-
able as particles and anti-particles, which is required to
obtain an asymmetry.
We now consider an example of scenario B, in which
one generates only an asymmetry between νL and ν¯R.
Consider the following Yukawa interactions between neu-
trinos and the doublets φi:
Ly =
1
2
dνiν¯(1 + γ5)νφi + h.c. . (3.7)
This leads to the decays (we consider only diagonal cou-
plings here)
φ2 → ν¯LνL , φ
†
2 → ν¯RνR . (3.8)
The asymmetry in the number of φ2 and φ
†
2 fields will
therefore translate into an asymmetry in the number of
ν¯LνL and ν¯RνR final states. As explained above, since
only the states νL and ν¯R interact via the weak interac-
tions, sphalerons will convert these states into baryons.
In other words, this will give rise to a baryon asymmetry.
This asymmetry is easily estimated to be
YB =
22
79
Yν , (3.9)
where we have assumed that only the standard model
degrees of freedom are involved in the sphaleron process
[20]. The neutrino/lepton asymmetry Yν is estimated
from the asymmetry in the production rate of the φ2 field.
Following (3.5) and (3.6) we have the lepton asymmetry
Yν ∝ sinαΓφ2→ν¯LνL ∼
1
8pi
sinαd2ν2m2 , (3.10)
so that
YB ∼
22
79
1
8pi
sinα d2ν2m2 . (3.11)
The requirement that this asymmetry not be washed
out is given by the condition [21]
m22m
2
ν Γφ2→ν¯LνL
2T 4H(m2)
≪ 1 . (3.12)
4In (3.12), T denotes the temperature and H(m2) is the
value of the Hubble constant at scalem2, when the scalar
decays to neutrinos of mass mν . Note that this condition
is obtained by solving for the relevant Boltzmann equa-
tions (for details, we refer the reader to [21]) and is easily
satisfied because of the smallness of the neutrino mass.
IV. DIRECT LEPTOGENESIS INDUCED BY
COMPLEX PHASES
We now turn to the second method of generating a CP
asymmetry in the leptonic sector, namely by means of a
transient MNS(P) matrix.
Recall first how CP violation comes about in the SM.
Here one has the Yukawa couplings 12Yij ψ¯i(1 + γ5)ψjφ,
where ψ can be a quark or a lepton field and φ is the ordi-
nary Higgs field. Because there are three generations, the
Yukawa couplings Yij are complex. When φ acquires a
vacuum expectation value, one develops (complex) mass
terms. Their diagonalization leads to the CKM matrix
for quarks, or the MNS(P) matrix for leptons.
In the present case, we again have couplings of the
form 12Yijψ¯i(1 + γ5)ψjφ1,2, where the φ1,2 are the back-
ground scalar fields. Here we assume that CP is con-
served in the Lagrangian, so that the Yij are real. How-
ever, in dynamical CP violation, the initial conditions
of the scalar fields have relatively complex values (e.g.
see Eq.(3.3)]. These initial conditions effectively lead to
complex (non-diagonal) Yukawa couplings, which again
lead to mass matrices whose diagonalization includes CP-
violating phases. However, in contrast to the SM, once
the fields relax to their minima, the contributions to the
masses are switched off, and the CP-violating mixing ma-
trix vanishes. In other words, the mixing matrix is tran-
sient, and no dynamical CP violation remains at late
times.
Of particular interest to us is the case where ψ is the
neutrino. Here nonzero neutrino masses are generated,
effectively leading to a MNS(P)-type matrix. This matrix
can asymmetrically produce νL and ν¯R even when no
lepton-number-violating interactions are present in the
theory.
Transient MNS(P) Matrix: The above qualitative
description can be made quantitative. As before, we take
the background scalar fields to be SU(2) doublets (other
representations can be straightforwardly included) and
assume only the neutral components acquire background
values. The general form for the Yukawa interactions is
Ly =
1
2
dee¯(1+γ5)eD
∗
b+
1
2
dν ν¯(1+γ5)νRD+h.c. , (4.13)
where D represents the neutral components of the dou-
blet fields. Note that de and dν are 3× 3 Yukawa flavor
matrices which become complex due to initial conditions.
Let us first consider the case of Dirac fermions.
The induced complex Dirac-type masses can then be
parametrized as
MAB = a2d
2
AB + a1e
iαd1AB , (4.14)
where diAB are the Yukawa couplings for the doublets φi,
and A,B are the flavor indices. Since the d2AB are differ-
ent from d1AB , MAB is a generic arbitrary complex 3× 3
matrix that needs to be diagonalized using bi-unitary
transformations. Therefore, for a given leptonic doublet,
the charged and neutral fermion mass matrices read as
Me = U
†
eM
d
e Ve and Mν = U
†
νM
d
ν Vν , (4.15)
where the superscript d denotes diagonal elements. One
finds as usual the MNS(P) matrix
U †eUν , (4.16)
which obviously includes complex CP-violating interac-
tions.
To see this CP violation, we define the matrices Ke
and Kν such that
UeKeV
†
e = (M
d
e )
2 and (Mdν )
2 = UνK
d
νV
†
ν . (4.17)
The condition for CP violation is derived to be [22]
Cij = Im(KeijK
∗
νij)+Im(KeikK
∗
νik) 6= 0 ; i < j ; j 6= k .
(4.18)
It is convenient to assume that the matrix describing
charged-lepton couplings (Ue) is diagonal, so that the
mixing matrix comes purely from the neutrino sector:
UMNS(P ) = Uν . The largest contribution to CP violation
then comes from the case where the charged lepton is a
τ . For a specific leptonic flavor (say α), the condition
(4.18) translates to
Cτα ≈ 2m
2
τIm(K
∗
ντα) 6= 0 . (4.19)
The phase in the neutrino mixing matrix is now respon-
sible for CP violation in scalar decays. For illustration,
let us consider a flavor specific decay of the type
φ2 → ν¯τLντL , φ
†
2 → ν¯τRντR . (4.20)
This decay can be CP-violating because of a phase arising
from the one-loop vertex-correction graph. This process
is described in Fig.1. The resulting CP-violating asym-
metry is
Yν ∝ Arg(dττ )−Arg(deτdeµd
∗
µτ ) = sin δ , (4.21)
where δ is the complex (Dirac) phase in Uν .
Several remarks are in order. First, the asymmetry
in (4.21) is generated solely due to mixing in the lep-
tonic sector. This is easily seen by the presence of differ-
ent flavor-changing Yukawa couplings in the expression
for the asymmetry. Second, we require a CP-conserving
phase in the interference between tree and one-loop di-
agrams. This comes about due to an absorptive piece
5FIG. 1: Feynman diagrams of the tree and loop processes
considered for the decay, φ2 → ν¯τRντL. The dashed lines is
for fermions and the solid line is for scalar.
in the loop calculation. Finally, the asymmetry is pre-
vented from being washed out due to the same condition
as that of (3.12). As before, the lepton-number asym-
metry is converted to a baryon-number asymmetry using
sphaleron effects.
Majorana fermions: We now mention briefly the more
complicated case where the neutrinos are Majorana par-
ticles. In comparison to the Dirac case, the Majorana
fermions (due to the reality of the fields) have two more
CP-violating phases (for three generations) in the mass
matrix. These additional phases give further avenues
for CP violation. The important feature that distin-
guishes this from the Dirac case is the possibility that
Cαα [Eq. (4.18)] can take nonzero values [32].
To illustrate this, consider just two generations. In
this case, there is no CP violation for Dirac neutrinos,
but there can be for Majorana neutrinos. The effective
Majorana mass is
mαα = m1c
2
1 +m2s
2
1e
2iγ , (4.22)
where, c1/s1 are the cosine/sine of the mixing angle and
γ is the CP-violating phase. Thus, in this case, one can
obtain CP-violating lepton asymmetries as above in the
decays φ2 → ν¯LνL and φ
†
2 → ν¯RνR. However, because of
their Majorana nature, it is necessary in this case that
the final-state neutrinos have different flavors.
Note that, for Majorana neutrinos, we can replace our
scalars φi with those used in the standard thermal lep-
togenesis scenario [17]; an extension to the nonthermal
case [23] is straightforward.
V. ESTIMATING BARYON ASYMMETRY IN A
SPECIFIC EXAMPLE
Relating α to the MNS(P) phase: Up to this point,
we have concentrated exclusively on showing that the CP
violation in the scalar sector can be successfully trans-
ferred to the fermion sector. However, one might wonder
whether this CP violation is sufficient to obtain the right
amount of baryogenesis, i.e. a correct baryon to entropy
ratio. In this section we explore this question.
In order to examine this, we need a framework for ob-
taining CP violation in the fermion sector. For this,
we use the transient MNS(P) matrix with Dirac neu-
trinos. In Sec. 4, we showed that CP violation occurs
with two scalar doublets and three generations. How-
ever, it is also possible to obtain a transient MNS(P)
matrix with only two generations, if one considers a
left-right model, i.e. the gauge symmetry is extended to
G = SU(2)L × SU(2)R. This is the scenario we adopt
here.
As discussed earlier, the neutrinos couple to the rolling
scalar doublets. We write the background fields in the
form
φ1(t) = c1(t) and φ2(t) = c2(t)e
iα . (5.23)
In the left-right model, these two fields are combined into
a single matrix:
Φ =
(
c2e
iα 0
0 c1
)
. (5.24)
We focus only on the leptonic sector. The Yukawa
interactions for the lepton doublet L are
LY =
1
2
ylL¯Φ(1+γ5)L+
1
2
yνL¯Φ˜(1+γ5)L ; Φ˜ = σ2Φ
∗σ2 .
(5.25)
The mass matrices for the charged-lepton and neutrino
fields are therefore
Ml = M
0
l + rMνe
−iα ,
Mν = rMle
iα +M0ν ,
r =
c1(t)
c2(t)
. (5.26)
In the absence of phases which break CP explicitly, the
mass matrices M0l,ν ,Ml,ν are real and symmetric (this is
an advantage of choosing the group G). As a result, the
mass matrices can be diagonalized by a single mixing ma-
trix Vl,ν (and the left- and right-handed mixing matrices
are related, UL = U
∗
R):
Vl,νMl,νV
T
l,ν =M
diag
l,ν . (5.27)
The corresponding MNS(P) matrix is
U = VlV
†
ν . (5.28)
With two generations, apart from an overall phase, the
MNS(P) matrix can be parametrized as
U =
(
eiδ1 cos θ eiδ2 sin θ
−e−iδ2 sin θ e−iδ1 cos θ
)
. (5.29)
Note that, although the above complex mass matrix is
written in terms of the two phases δ1,2, only the difference
δ1 − δ2 is physical.
For calculational ease we assume that c1(t) ≪ c2(t).
In this case, r ≪ 1 for any given time, and thus r(t) can
be treated as a perturbative parameter. In this limit,
the relation between the phase α and the complex phase
difference δ(≡ δ2 − δ1) is given approximately by [24]
δ ≡ δ1 − δ2 ≃
mτ
mν
r sinα . (5.30)
6In (5.30)mν is one of the mass eigenvalues of the neutrino
sector which we take to be considerably smaller than the
tau lepton mass, mτ . Note that the MNS(P) phase is
time dependent as long as r is time dependent.
In the following we estimate this time dependence for
r. This will allow us to determine whether the proper
baryon to entropy ratio is obtained.
Cosmological Evolution and the Baryon
Asymmetry:
As in all models of leptogenesis, in our scenario the
net baryon number is generated via sphalerons from an
asymmetry in the left-handed lepton number. As long
as sphaleron transitions are thermodynamically allowed,
i.e. at energy scales higher than the electroweak scale,
they will equilibrate the baryon and left-handed lepton
numbers [25]. In our context, this means that a baryon
asymmetry of the same order of magnitude as the left-
handed lepton asymmetry produced by the processes de-
scribed in the previous subsection will be generated. In
turn, the left-handed lepton asymmetry is generated by
the motion of the scalar field φ. We will estimate the
net baryon to entropy ratio by the ratio of left-handed
leptons over photons produced during the time interval
when the rolling of the scalar field is most important in
the sense discussed below. Note that, once produced, the
baryon to entropy ratio does not change in time as long
as there are no other phase transitions which generate
entropy after the period of leptogenesis. Thus, in the
following we will first determine the time interval when
most of the left-handed leptons are produced, and then
estimate the resulting baryon to entropy ratio following
the methods of [5, 7].
The equation of motion for any rolling complex scalar
field which is homogeneous in space is
φ¨+ 3Hφ˙ = −
∂V (φi)
∂φ
, (5.31)
where H is the Hubble parameter. The dynamics of φ
depend on whether H(t) is larger or smaller than mφ,
the mass of the field φ which is given by the square root
of the second derivative of the potential V (φ).
At early times, while
H(t) > mφ , (5.32)
the evolution of φ is over-damped and follows the approx-
imate equation
3Hφ˙ = −
∂V (φi)
∂φ
= −m2φφ . (5.33)
In the early radiation-dominated universe
H(t) =
1
2t
, (5.34)
and thus the solution of (5.33) becomes
φ(t) = φ(t0)e
− 1
3
m2φ(t
2−t2
0
) , (5.35)
where t0 is the initial time. Making use of (5.34) and
(5.32), we see that the motion of φ in this phase is neg-
ligible. Hence, no leptogenesis takes place during this
phase.
The inequality (5.32) is saturated at a time we denote
as te. As soon as
H(t) ≤ mφ , (5.36)
the scalar field φ starts rolling as described by (5.31)
and eventually performs damped oscillations about its
ground state. The sign of the induced lepton asymmetry
depends on the sign of φ˙. Thus, if φ were oscillating
with constant amplitude, no net lepton number would
be generated. The net lepton asymmetry is determined
by the overall decrease in the amplitude of φ. Most of
this decrease happens during the time interval before φ
crosses zero for the first time, which occurs at a time we
denote by t∗. The time interval between te and t∗ is less
than one Hubble expansion time H(te)
−1.
For the baryogenesis channel considered in the above
subsection, the net baryon to entropy ratio is given by
[5, 7]
nB
s
∼
y2νYν(φφ˙)(te)
8pinγ(te)
, (5.37)
where yν is the typical value of a neutrino Yukawa cou-
pling constant from (5.25), Yν is the CP asymmetry per
decay from (4.21), nγ is the number density of photons, s
denotes the entropy density, and nB the net baryon num-
ber density. A way to understand the above equation is
as follows: mφYν is the CP asymmetry in the decay rate
of φ quanta, (φφ˙)(te) is the rate of change in the num-
ber of φ quanta at time te, the time when most of the
net baryon number density is generated, and m−1phi gives
the time interval during which leptogenesis is effective
and must be multiplied with the rate of generation of the
baryon asymmetry to obtain the final baryon to entropy
ratio.
In turn, the asymmetry factor Yν in the above equa-
tion (5.37) is given by combining (4.21) and (5.30) and
inserting the time evolution of the function r(t). How-
ever, given the gauge symmetry of our model, the masses
of both scalar fields φ1 and φ2 are the same and they will
thus begin rolling at the same time with vanishing veloc-
ity. Hence, r(t) will be constant in time. Since we are
also taking the phase α to be constant, the phase δ and
hence Yν are independent of time.
To evaluate the order of magnitude of the result (5.37),
we must estimate the value of φ˙(te). From the equation
of motion (5.31) it follows that
φ˙(te) ∼ mφφ(te) (5.38)
and hence
nB
s
∼
y2νYνmφφ
2(te)
8pinγ(te)
. (5.39)
7Since the time te is given by the saturation of (5.32), the
photon number density is given by
nγ(te) ∼ m
3/2
φ m
3/2
pl , (5.40)
where mpl is the Planck mass, and we have used the
Friedmann equations to relate the temperature of the
radiation bath (whose cube yields nγ) to the Hubble ex-
pansion rate at time te which in turn is equal to mφ.
Thus, (5.39) becomes
nB
s
∼ y2νYν
φ2(te)
m
1/2
φ m
3/2
pl
. (5.41)
We now add an additional constraint from cosmology:
we demand that the energy density in φ at time te be
sub-dominant, i.e.
m2φφ
2(te) ≪ T
4(te) ∼ H
2(te)m
2
pl , (5.42)
where T (t) denotes the temperature of radiation, and
where in the second step we have again used the Fried-
mann equations. Recalling that H(te) = mφ, the in-
equality (5.42) yields an upper bound on φ(te):
φ(te) ≪ mpl , (5.43)
a bound which is quite natural from the point of view of
particle physics (we cannot trust the physics we used for
field values larger than mpl). Inserting the bound (5.43)
into (5.41), we obtain a bound on the strength of our
baryogenesis scenario of the form
nB
s
≪ y2νYν
(mpl
mφ
)1/2
. (5.44)
This result demonstrates that our dynamical CP viola-
tion scenario can lead, even in the case of small coupling
constants, to a large net baryon to entropy ratio.
VI. OTHER CHANNELS FOR LEPTO- AND
BARYOGENESIS
There are other ways of transferring a CP asymmetry
in the scalar sector to the lepton sector. In this section,
we briefly describe some alternative mechanisms.
Asymmetry due to scattering: In Sec. 3, we consid-
ered the possibility that a CP-violating asymmetry in the
scalar sector can be generated in the decay φ1 → φ2φ2.
This is then converted to a CP asymmetry in the lepton
sector via the decay of φ2 scalars into neutrinos. How-
ever, a CP asymmetry in the scalar sector can also be
created by scattering processes such as φ1φ2 → 2φ2.
This process is generated by the quartic interaction V4
in (2.2) and has an one-loop vertex correction due to the
cubic interaction V3 generated in (3.4). Once again, the
asymmetry comes about because the coupling of φ2 to
FIG. 2: Feynman diagrams of the tree and loop process for
the reaction φ1φ2 → 2φ2.
φ1 is complex, but φ
3
2 interactions are real. This leads
to a phase difference between the tree diagram and the
one-loop vertex correction graph, and contributes to the
asymmetry. The relevant Feynman graph for this process
is shown in Fig.2.
The asymmetry which is generated between the cross-
sections for φ2 and φ
∗
2 production (via the CP-conjugate
process) is
σ − σ¯ ∼ (loop factor)× σ sinα ; σ =
1
32pi
g2
s
. (6.45)
In (6.45) s is the center of mass energy for the scattering
process and g is the relevant quartic coupling in (2.2).
Following (6.45), the asymmetry in the rate of φ2 pro-
duction is
∆Γφ2 = (σ − σ¯) ·Nφ2 =
sinα
32pi
g2
s
·Nφ2 , (6.46)
where Nφ2 is the number density of the scattering of φ2
particles [33].
Once again, in this case, the lepton asymmetry is gen-
erated by allowing the scalar φ2 to decay via the process
φ2 → νLν¯L. The lepton number asymmetry generated in
this way is proportional to the Yukawa coupling [(3.11)]:
Yν ∝ d
2
ν2∆Γφ2 =
sinα
32pi
(gdν2)
2
s
·Nφ2 . (6.47)
The interesting aspect of (6.47) is that the asymmetry
could be large for large values of Nφ2 , even if the Yukawa
coupling is small. Simultaneously, the wash-out factor is
not large because the inverse scattering may be kinemat-
ically suppressed if the initial masses are large compared
to the final state masses. In our case, we have m1 > m2
and we expect mi ≫ a2dν2 due to small Yukawa cou-
plings.
One can also produce a lepton-number asymmetry di-
rectly via the pair production of Dirac fermions in the
scattering process φ1φ2 → νLν¯L. The relevant diagrams
are shown in Fig.3. Taking the final state to be ντLν¯τL,
we obtain an asymmetry which is approximately given
by
Yν ∝ g|dττdeτdeµdµτ |
sin δ
16pis
·Nφ2 . (6.48)
The asymmetry in (6.48) is smaller that that generated
in (6.47) due to a larger Yukawa suppression.
Finally, a word about Majorana neutrinos. The above
asymmetry which we have generated is suppressed if we
8FIG. 3: Feynman diagrams of the tree and loop process for
the reaction φ1φ2 → νLν¯R.
use Majorana neutrinos. This follows due to spin statis-
tics, where we notice that our scalars have to generate
final states in the P-wave mode and hence the scenario
is disfavored if it involves Majorana neutrinos.
Exotic fermions: Finally, it is also possible to construct
scenarios involving the use of exotic fermions to transfer
the CP violation to the fermion sector. Although we will
not discuss such models in any detail, there are many
possibilities. For example, the scalar fields φi can cou-
ple to such (neutral or charged) exotic fermion fields, so
that the CP asymmetry in the φi is then transferred to
the exotic fermion sector. The subsequent decays of ex-
otic fermions into ordinary fermions creates the necessary
lepton-number asymmetry.
VII. DISCUSSION AND CONCLUSIONS
In this paper we have elaborated on the scenario of
dynamical cosmological CP violation we proposed in [4]
(see also [5]). In this scenario, the CP violating-phases
are due to cosmological initial conditions for some new
scalar fields φi (which could be some of the moduli fields
emerging from new physics at very high energies). Here,
we have focused on how to transfer the CP asymmetry
from the scalar sector to the leptonic sector, and on the
connection with baryogenesis.
We mention several ways to achieve the transfer of the
CP asymmetry to the leptonic sector. One intriguing
possibility is that Yukawa couplings between the scalar
field φi and the standard model leptons could generate
a transient (in time) MNS(P) matrix which generates a
CP asymmetry in the leptonic sector, yielding an imple-
mentation of leptogenesis. In this model, we estimate the
resulting net baryon to entropy ratio. As expected, the
result depends on the initial values of the scalar fields.
We find, however, that it is easy to generate a suffi-
ciently large baryon asymmetry to explain the data, even
if the coupling constants and the value of the CP violat-
ing phase in the scalar sector are small.
Note that our scenario does not assume any new
sources of CP and baryon-number violation in the La-
grangian. The CP violation comes from the scalar field
initial conditions, and the baryon asymmetry is gen-
erated via sphalerons from an asymmetry in the left-
handed leptons, an asymmetry which is compensated by
an asymmetry in the right-handed leptons. A prediction
of this scenario is that there should be an asymmetry
in the number of right-handed neutrinos commensurate
with the observed net baryon to entropy ratio.
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